were generated through passage in gerbils from Swabby Gerbco, Inc. (Diane Swabby, Phoenix, Ariz.). The cysts were received immediately after excretion in a water suspension and stored at 4°C. Cysts were used consistently between 1 and 8 weeks after receipt. For some experiments, cysts were further purified through a cesium chloride step gradient (8) . Recovered cysts were suspended in distilled water, washed twice by centrifugation, and finally suspended in distilled water. The unpurified preparation was used for most of the trials. Giardia cysts in all samples were identified and counted by using an indirect immunofluorescence procedure on membrane filters (13) with a Giardia monoclonal antibody (Meridian Diagnostic Inc., Cincinnati, Ohio) and fluorescein isothiocyanate-labeled, affinity-purified goat anti-mouse immunoglobulins A, G, and M (heavy and light chains) (Kirkegaard & Perry Laboratories Inc., Gaithersburg, Md.). Epifluorescence was observed with a BHTu epifluorescence microscope (Olympus, New Hyde Park, N.Y.). Trophozoites of Giardia duodenalis isolated from humans and beavers and an isolate from a great blue heron (5) were generously provided by Stanley L. Erlandsen, University of Minnesota, Minneapolis.
Treatments for the liberation of nucleic acids from Giardia cysts. Six methods were tested to determine the most efficient procedure for extracting nucleic acids from G. lamblia cysts. The same stock of purified and unpurified cysts was used for each method. At the beginning of each procedure, a 1-mi sample from a purified cyst preparation and a second 1-ml sample from an unpurified cyst preparation were counted by using an immunofluorescence procedure, and the cyst concentrations were adjusted to approximately 104 cysts per ml with distilled water. These samples were then diluted from 10-1 to 10-4 (0.1 ml of sample to 0.9 ml of distilled water), and the original sample and each dilution were extracted by using one of the six procedures. This was repeated two to three times for each of the extraction methods. The resulting Giardia nucleic acid extracts were boiled for 10 min and then spotted under vacuum with a dot blot apparatus (BRL, Gaithersburg, Md.) onto nylon membranes (Gene Screen Plus; DuPont, Boston, Mass.), air dried, and baked in a vacuum oven (Napco, Portland, Oreg.) for 2 h at 80°C.
(i) Enzyme digestion of Giardia cysts. Cellulase (6.7 U/mg; Sigma, St. Louis, Mo.) was added to a concentration of 12.5 mg/ml, and collagenase (0.28 U/mg; Boehringer Mannheim, Indianapolis, Ind.) was added, to a concentration of 2.5 mg/ml, to the cyst suspensions. The cysts were digested for 4 h at 45°C, and then proteinase K (14.3 U/mg; Sigma) was added to the suspensions to a concentration of 80 pig/ml; the cysts were then incubated for 30 min at 65°C.
(ii) Baking. Dilutions (1:10) of the Giardia cyst suspension were directly spotted onto a nylon membrane, air dried, and baked in a vacuum oven for 2 h at 80°C.
(iii) Phenol-chloroform extraction. Standard procedures for phenol-chloroform extraction were performed on purified and unpurified cyst preparations (10) . An 
RESULTS AND DISCUSSION
The Giardia cyst is the infectious stage, and the development of approaches for the use of gene-specific probes in environmental samples necessitates the development of efficient methods for extraction of nucleic acids directly from cysts. Procedures that bypass the purification steps of environmental concentrates would be advantageous because they would reduce cyst losses and sample preparation time.
The data outlined in Table 1 show the efficiencies of the six different treatments for liberating or exposing the nucleic acid directly from the cysts for assay by the gene-specific probe method.
The enzyme digestion method for disrupting Giardia cysts was inefficient for extraction of nucleic acids as evaluated by the hybridization assay. No positive signals were detected with this method. Examination of these enzyme-digested cysts by immunofluorescence microscopy revealed that 80% of the cysts were opened up by a combination of cellulose, collagenase, and proteinase K enzymes. The inefficiency of nucleic acid extraction may be due to the presence of contaminating RNases in fecal material, and the impurity of the cellulase and collagenase may have contributed to degradation of nucleic acids released from the cysts during the long incubation (4 h) required for complete digestion of cyst cell walls.
Although the baking procedure was the easiest, it would not be applicable to unpurified samples. Water concentrates that contain fecal material or other debris would not efficiently filter through a nylon membrane. We also noticed that during prehybridization the accumulated material on the membrane came off and floated in the solution, resulting in loss of the sample. The sensitivity obtained with this method was 102 cysts per ml in the purified sample.
The direct phenol-chloroform extraction was (17) , and the stringency used in the hybridization reactions (Tm -22°C) was designed to minimize annealing to nontarget sequences (2, 11, 19) .
The specificity of the cDNA probe within the genus Giardia was examined. Cysts from G. lamblia, the species that infects humans, and from G. muris, the species that infects mice, were reacted with the probe by using the formamide and glass bead procedures. Triplicate dot blots were spotted with nucleic acid from G. lamblia and G. Generally the probe was able to detect 100 trophozites ( Table 3 ). The highest degree of sensitivity was obtained with extracts of trophozoites from two human isolates. The sensitivity obtained from the bird isolate was the lowest, 100-fold less than that from the human isolates.
Species classification within the genus Giardia is ill defined. Giardia was classified into three species in 1952 (6) G. duodenalis, found in mammals. The species from humans is also known as G. duodenalis or G. lamblia. A new species from birds, G. ardeae, has been described (5). The genetic diversity within the genus Giardia is presently unknown. Probes that are specific to isolates capable of initiating human infections may be desirable for evaluating human health hazards. However, for evaluating water treatment efficiency, it may be more desirable to detect any cyst that passes the treatment barriers.
Four environmental concentrates from secondary or tertiary treated sewage or surface waters were screened for Giardia contamination by using an immunofluorescence technique and a gene-specific probe method. The sewage was domestic wastewater originating from a community of 600,000 persons. The surface waters were rivers with no sewage discharges. A 1-ml sample of the pellet recovered from the filters and/or 1 ml of the pellet remaining after clarification by potassium citrate density gradient centrifugation was assayed with the cDNA probe. Samples and 10-fold dilutions were subjected to the glass bead procedure described above. A monoclonal antibody directed against Giardia cysts (Meridian Diagnostics) was used in an indirect immunofluorescence procedure to stain samples after clarification and filtration through membrane filters (13-mm diameter, 5.0-.m pore size) (13) . Filters were examined by using epifluorescence, and cysts were enumerated.
Between 100 and 400 liters of water was collected originally, and the equivalent of 0.2 to 226 liters of the concentrated pellet was examined. For the cDNA probe the equivalent volume equal to 1 ml of pellet was processed along with 10-fold dilutions. For immunofluorescence detection, between 2 and 10 ml of pellet was processed and examined, representing between 40 and 300 liters of original sample. Positive results were observed for all wastewater samples and in one surface water sample (Table 4) . Positive signals were observed in samples without flotations at dilutions 10-fold greater than those in which positive signals were observed after flotation. It appeared that gene probe detection was slightly more sensitive than microscopic detection of Giardia cysts for wastewater samples. In one surface water sample no positive results were found with the cDNA probe or with immunofluorescence; to obtain a volume equivalent to that used for the immunofluorescence assay, 10 1-ml replicate samples would need to be processed for the gene-specific probe assay.
In conclusion, we have developed a simple and efficient method for extraction of nucleic acid directly from Giardia cDNA probes. The extraction procedure enables us to process samples contaminated with Giardia species rapidly and also eliminates the clarification steps required for microscopic immunofluorescence techniques. The sensitivity of the gene probe technique is between 1 and 5 cysts in 1 ml of concentrated samples. The use of a ribosomal cDNA probe makes it possible to detect the low numbers of Giardia cysts that are commonly found in water because of the high copy number of rRNA in each of the two trophozoites per cyst; this method appears comparable to the immunofluorescence system for cyst detection in environmental samples. Although neither the cDNA probe nor the immunofluorescence system can be used to determine cyst viability, it may be feasible to develop gene-specific probes to routinely monitor Giardia cyst contamination in water supplies, particularly as new nonradioactive labels are developed for nucleic acid probes.
